Normal adult dogs were given intravenously lysine hydrochloride to abolish renal tubular reabsorption. The treatment caused tubular proteinuria. Once forced diuresis was established, fractional clearances for amylase, lipase, and lysozyme increased five-, 18-, and 857-fold over the baseline values, respectively. There was relatively little tubular reabsorption of amylase, and urinary amylase activity remained low. A renal arteriovenous difference in amylase activity was not present. Urinary amylase activity could not be reactivated by the addition of serum or treatment with dithiothreitol. Urinary inhibitors of amylase activity were not detected. Immunoreactive urinary amylase did not exceed kinetically measured urinary amylase. Therefore, the presence of irreversibly inactivated amylase did not explain the low fractional clearance of amylase. A small amount of serum macroamylase was present, but macroamylasemia did not account for canine amylase failing to pass the glomerular filter. It appears that the renal loss of amylase in the dog is not an important excretory route.
Canine a-amylase has a molecular weight of 54 kilod a l t o n~,~ which is similar to human a-amylase. 8 In both species, the kidney is believed to be an important excretory route for amylase. 11, 28 In man, the measurement of urinary amylase activity and amylase clearance in relation to creatinine can have diagnostic importance.I5 The renal clearance rate of amylase in the dog is reported to be similar to the rate in man." Dogs have greater than twice the serum amylase activity compared with man, yet they have normally little or undetectable urinary amylase activity. Even with greatly increased serum amylase activity resulting from experimentally induced pancreatitis or infusion of supernates of pancreatic homogenates, the urinary loss of amylase appears minimal in d o g~.~,~,~J~,~~ It has been hypothesized that canine amylase is inactivated in the glomerular filtrate by unknown mechanisms or is reabsorbed by tubular epithelial cells.L1 Metabolic inhibitors of canine renal tubular epithelial cells increased the amylase to creatinine clearance ratio, suggesting that tubular cells normally reabsorbed amylase activity; however, the influence on the ratio of decreased creatinine secretion by the metabolically inhibited tubular epithelial cells was not ~0nsidered.I~ The low concentrations of urinary calcium and protein may cause urinary amylase activity to be lower than anticipated, since both are needed for optimal activity,12,23 although urinary amylase activity does not appear to be inhibited in man in such a manner. Changes to essential sulfhydryl groups in the amylase molecule also may result in enzyme inactivation, as reported for human amy1a~e.I~ It is possible that canine urine may contain inhibitors of amylase activity, but early data based on a saccharogenic technique for measuring amylase activity do not support this hypothesis. 15 In man, approximately 45% of filtered amylaseZ8 and almost all lipase19 are reabsorbed by renal tubular epithelial cells. Increased tubular reabsorption of amylase in the dog compared to man could also account for the lack of amylase activity in canine urine.
Macroamylasemia in man prevents the glomerular filtration of blood amylase and consequently may cause hyperamylasemia with reduced urinary e x~r e t i o n .~~~ The formation of macroamylase in the dog has not been studied.
The purposes of this study were to determine if canine urinary amylase activity could be reactivated or if canine urine is inhibitory to amylase activity, and to determine the importance of renal tubular reabsorption in the urinary excretion of canine amylase, lipase, and lysozyme. In addition, canine sera were examined for the presence of macroamylase.
Materials and Methods
Food, but not water, was withheld from four healthy mature dogs for 24 hours. Prior to surgery the dogs weighed from 12 to 16.5 kg. They were anesthetized with sodium pentobarbital given intravenously at an initial total dosage of 30 mglkg. During anesthesia, lactated Ringer's solution was given at a rate of 20 ml/kg/hr. Jugular veins were catheterized, and the catheter maintained patent by heparin flushes. The bladder was exteriorized and catheterized through a 443 midline laparotomy incision. Urine was collected throughout the experiment, which lasted 100 minutes after diuresis was established. At 5 5 minutes, L-lysine monohydrochloride (Sigma Chemicals, St. Louis, MO) prepared as a 33% aqueous solution was given intravenously through a cephalic vein at a dosage of 400 mg/kg. This dosage in man results in almost total inhibition of the renal tubular reabsorption mechanism.'* A renal vein and artery of one kidney were catheterized at 100 minutes. At the end of the experiment the dogs were killed humanely by an overdose of barbiturate.
A urine sample and jugular blood were collected at 0 time, which coincided with the onset of diuresis. Similar samples were collected at 20-minute intervals. The blood was allowed to clot at room temperature and the serum harvested by centrifugation. Serum and urine were stored frozen at -20 c.
Serum and urine osmolalities were determined using the freezing point depression method (Advanced Instruments, Inc., Needham Heights, MA). The ratio of the urine osmolality (Uosmo) to serum osmolality (Sosmo) was used to monitor the effect of fluid administration.
The concentrations of creatinine and protein and the activities of amylase, lipase, and lysozyme were determined in all samples unless indicated otherwise. The concentrations of serum and urine creatinine, serum protein, serum and urine activities of amylase and lipase were determined using an automated chemistry analyzer (Coulter Electronics of Canada, Ltd., Burlington, Ontario, Canada). Amylase activity was determined using p-nitrophenyl-maltohexaoside as substrate and a secondary reaction containing a-glucosidase (Coulter Electronics of Canada, Ltd., Burlington, Ontario, Canada). Lipase activity was determined using a triolein substrate in an excess of colipase and sodium desoxycholate (Boehringer Mannheim Canada, Dorval, Quebec, Canada). Serum and urine lysozyme activities were determined using a method described p r e v i o~s l y .~~ This assay is based on the rate of lysis of Micrococcus lysodeikticus. One unit of lysozyme activity is equal to a decrease in turbidity of 0.001 per minute at 450 nm at pH 7.0 and 25 C. Purified chicken egg white lysozyme (Sigma Chemicals, St. Louis, MO) was used as a standard. Urinary enzyme activity was expressed as fractional clearances. The measurement of serum and urinary beta,-microglobulin was attempted since it is a sensitive indicator of tubular function in man. The antiserum in the radioimmunoassay (Pharmacia [Canada], Inc., Dorval, Quebec, Canada) did not cross-react with substances in canine serum or urine (data not shown).
Urinary protein concentrations were determined by a Ponceau S (Aldrich Chemical Co., Milwaukee, WI) dye binding method24 and purified human albumin standards (Dade Diagnostics, Inc., Aguada, Puerto Rico). The urinary protein : creatinine ratio was used to determine urinary protein loss.
To characterize the proteinuria induced subsequent to the intravenous infusion of lysine hydrochloride, urine samples were 50 times concentrated by ultrafiltration using an ultrafilter that retained substances greater than 15 kilodaltons (Amicon, Division of W. R. Grace & Co., Danvers, MA). Depending on the protein concentration, from 5 to 20 pl of the concentrated urine samples and molecular weight stan-dards (Bio-Rad Laboratories [Canada], Ltd., Mississauga, Ontario, Canada) were subjected to polyacrylamide gel electrophoresis (PAGE). Prior to electrophoresis the samples were diluted by half with sample buffer containing 2% sodium dodecyl sulfate (SDS) and 0.1 M dithiothreitol and held at 100 C for 3 minutes. The 0.75-mm slab gels were prepared according to the manufacturer's directions (Bio-Rad Laboratories [Canada], Ltd., Mississauga, Ontario, Canada). The concentrations of acrylamide in the stacking and running gels were 3.0 and 12.5%, respectively. These gels contained 0.1% SDS, while the 0.225 M tris(hydroxymethy1)-aminomethane (TRIS) electrode buffer (pH 8.3) contained 1% SDS. Electrophoresis was done for 40 minutes using a constant voltage of 250 volts. Electrophoretograms were stained with Coomassie brilliant blue R-250 (CBB).
Canine sera harvested from blood taken at 0 time were tested for the presence of macroamylase. A method based on the precipitation of macromolecules by a concentrated solution of polyethylene glycol 6,000 (PEG) was used.I6
A pool of canine serum was made from equal volumes of sera collected from ten normal dogs. This composite sample had an amylase activity of 788 units/liter (U/L). An aliquot of the serum pool was held at 60 C for 1 hour, and subsequent to this treatment had no amylolytic activity. Paired aliquots of urine taken at each time interval were diluted with an equal volume of heat inactivated serum and distilled water, respectively. Aliquots of 500 pl of urine taken at each time interval were diluted with 100 pl of a 1% aqueous solution of dithiothreitol (Sigma Chemicals, St. Louis, MO) and compared with identical aliquots diluted with 100 pl of distilled water. Aliquots of the original pooled serum were diluted with an equal volume of urine taken at each time interval. Amylase activity was determined in all mixtures after incubation at 37 C for 30 minutes.
In a further attempt to detect a discrepancy between the amount of amylase filtered and urinary amylase activity, the amount of immunoreactive urinary amylase was determined. The two pancreatic isoamylases, isoamylase-3 and isoamylase-4, were purified by a series of chromatographic and electrophoretic steps. Pancreata were collected from dogs humanely killed by barbiturate overdose. The tissue was minced and homogenized in a chilled solution containing 0.30 M NaCl, 0.15 M E-aminocaproic acid (Sigma Chemicals, St. Louis, MO) and 0.01 M sodium phosphate buffer pH 7.2. The homogenate was centrifuged at 50,000 x g and 4 C for 1 hour. Aliquots of the supernatant were separated by molecular sieving on a column packed with Sephacryl S-300 (Pharmacia [Canada], Inc., Dorval, Quebec, Canada) and equilibrated with phosphate buffered saline 0.10 M pH 7.2. Those fractions with amylase activity were pooled, dialyzed against distilled water, lyophilized, and then rehydrated in a solution containing 0.05 M TRIS-HC1 pH 7.2. Aliquots of the rehydrated solution were then separated by anion exchange chromatography using DEAE-Sephacel. The starting buffer was the same buffer used to rehydrate the lyophilized amylase-containing fractions. A linear NaCl gradient was used, and the final buffer was 0.05 M TRIS-HC1 pH 7.2 with 0.15 M NaCl. The fractions composing the protein peaks were pooled, and the isoamylases further resolved by agarose electrophoresis described previously.2' The two purified iso- amylase Eractions were sliced from agarose gels and either eluted with a small amount of saline to determine the degree of homogeneity or homogenized (vide infra) and used to vaccinate rabbits. The saline-eluted isoamylases were subjected to electrophoresis in a 1% agarose gel (Corning Medical and Scientific, Medfield, MA) containing 5% sucrose, 0.035°/o disodium ethylenediaminetetraacetic acid (EDTA), and a 0.065 barbital buffer. This gel was stained for protein with CBB.
Affinity chromatographic methods using concanavalin A-sepharo~e~~ and epoxy-activated sepharose 6BL3 were attempted in the purification of pancreatic homogenates. These methods were not successful in resolving the canine isoamylases (data not shown). Two groups of three rabbits each were vaccinated with purified isoamylase-3 and isoamylase-4, respectively, according to the following protocol. Initially, the gels were homogenized with an equal volume of Freund's complete adjuvant (Difco Laboratories, Detroit, MI), and 1 ml was injected intradermally in divided doses into each rabbit. One week later each rabbit was given the same dose, but it was prepared in Freund's incomplete adjuvant. Two weeks later, and each week following for 8 weeks, all rabbits received the same dose prepared in saline. At the end of this regime each rabbit had received 50 mg of a purified isoamylase. The gammaglobulin was separated from the serum of the rabbits by ammonium sulphate fractionation as described elsewhere9 and diluted in saline to one-third the original volume of serum. Cross-reactivity of the antisera for the two isoamylases was determined using double immunodiffusion in 0.8% agarose gels. Urinary immunoreactive amylase was determined by radial immunodiffusion (RID) in 0.8% agarose gels using doubling dilutions of a pooled canine serum as standards. The amylase activity of the pooled canine serum was 632 U/L.
The fractional clearance data were analyzed by the Kruskal-Wallis test. The data from experiments studying the renal arteriovenous difference in amylase activity, reactivation of urinary amylase, and inhibitory effects of urine on amylase activity were analyzed by the Wilcoxon signed-ranks test. Analysis of variance was used to assess the significance of '1 0 20 40 60 80 100 TIME (minutes) Fig. 2 . Fractional clearance of lipase in four dogs before and after giving lysine hydrochloride intravenously at 5 5 minutes. Mean values significantly increased from 40 minutes onward. Fig. 3 . Fractional clearance of lysozyme in four dogs before and after receiving lysine hydrochloride intravenously at 55 minutes. Mean values significantly increased from 40 minutes onward.
Fractional clearance of amylase in four dogs before and after receiving lysine hydrochloride intravenously at 55 minutes. Mean values significantly increased at 60 and 80 minutes. 
Results
By the time diuresis was seen, three of the four dogs had urine osmolality/serum osmolality (Uosmo/Sos- mo) ratios less than 2.0 (Fig. 1) . The ratio in the remaining dog decreased to about the same range as the others by the time the lysine hydrochloride was given at 55 minutes. At this time all of the dogs were producing at least 80 ml urine in a 20-minute period.
The fractional clearances of lipase (Fig, 2) and 1~sozyme (~i~ 3) were increased significantly ( p < 0.05) (range) for the fractional clearances at 80 minutes for amylase, lipase, and lysozyme were 2.1 (1.3-2.9), 53.1 (31.1-77.9), and 942.8 (130.9-2,941), respectively. The mean maximal values were five, 18, and 857 times the initial fractional clearances for amylase, lipase, and lysozyme, respectively. The initial ranges of the urinary activities (units/liter -U/L) for amylase, lipase, and lysozyme were 0-20, 0-13, and 0-3, respectively.
The urinary protein : creatinine ratios (Fig. 5 ) were increased significantly (P < 0.05) at 40 minutes, and the maximum mean (4.70, range = 1.58-7.06) occurred at 80 minutes. The range of initial urinary protein concentrations was 9-33 mg/dl. Following the infusion of lysine hydrochloride there was the temporary appearance of low molecular weight proteins typical of tubular proteinuria (Fig. 6 ). The range of macroamylase as measured by the percent of amylase activity precipitated by polyethylene glycol (PEG) in sera obtained at 0 time was 13.5-1 6.3%. There were no significant renal artenovenous differences in serum amylase and lipase activities, although the mean percent decrease (range amylase, lipase) in venous activity for both enzymes was 3% (-12-12, -15-1 5). The renal arteriovenous difference in lyso-zyme activity was not determined. There was no significant difference in urinary amylase activity with the addition of heat inactivated serum or dithiothreitol to urine. There was no significant inhibitory effect of urine on serum amylase activity.
Pancreatic extract was separated by Sephacryl S-300 chromatography into several peaks, and fractions 22 through 28, which contained most of the amylase activity, were pooled and then separated by DEAE-Seph-ace1 chromatography. Two peaks contained most of the amylase activity, and these peaks were designated pool 1, composed of fractions 23 through 3 1, and pool 2, composed of fractions 35 through 40. Isoamylases in the two pools of amylase activity were determined ( Fig. 7) and proteins visualized. Isoamylase-3 and -4 were 90% and 85% purified, respectively. Protein staining showed that isoamylase-4 was tightly banded, but isoamylase-3 was smeared slightly anodally. Other proteins were not detected.
Rabbit antibodies made to isoamylase-3 and -4 did not detect any antigenic differences by double immunodifision. Consequently, the antisera were pooled. In the radial immunodiffusion test to quantitate immunoreactive urinary amylase, the antisera was used at 4% concentration, which gave optimal precipitation in preliminary experiments. There was a significant (P 
Discussion
The data show that tubular reabsorption in the dog is very important for lysozyme, less so for lipase, and least of all for amylase. The fractional clearances for lipase and lysozyme increased significantly prior to giving lysine hydrochloride, probably as a result of failure to maintain glomerular-tubular balance, a consequence of increased glomerular filtration due to forced diuresis. These phenomena parallel those seen in In man, about 50% of filtered amylase is reabsorbed by the renal tubular epithelium, while greater than 90% of other low molecular weight substances are reab-man.ll. 19.28 sorbed.2s Under normal conditions in man the amylase tubular reabsorption system is saturated, so that some urinary amylase activity is always pre~ent.~ The urinary amylase activity of the dogs in this study and in a previous study, where the amylase activity was measured by a saccharogenic method, appeared to be extremely variable and sometimes undetectable.6 Even in hyperamylasemic states, the urinary amylase activity may remain either undetectable or fail to increase in proportion to increases in serum activity in studies where either the amyloclastic3 or the saccharogenic m e t h~d~.~' of amylase analysis was used. This could result from a very efficient tubular reabsorption mechanism, inactivation or perhaps inhibition of urinary amylase, or from a relative failure for canine amylase to clear the glomerular filter. The data in this study show clearly that tubular reabsorption of amylase is not an appropriate explanation for the relative lack of urinary amylase activity in dogs.
Previous studies in dogs found little urinary lipase activity even in the presence of marked hyperlipasemia. 1~6~1 1 , 3 1
This may have been due to the very efficient tubular reabsorption of lipase demonstrated here, but also may in part be due to an artifact of the lipase assay system. In these early studies, enhancement of lipase activity was seen commonly following the addition of serum or plasma. Serum contains a cofactor, co-lipase, that is required for optimal lipase activity.2 Lipase assays now contain an excess of this cofactor and desoxycholate to achieve optimal conditions for activity and specificity. 20 A renal arteriovenous difference in amylase activity was not found, suggesting that either amylase is filtered and then reabsorbed from the filtrate in an active form, or amylase does not pass the glomerular filter. Tubular reabsorption is apparently unimportant; therefore, inactivation must be considered. Attempts to restore potentially inactivated urinary amylase or demonstrate urinary inhibitors of amylase activity were unsuccessful. An obvious excess of urinary immunoreactive amylase compared with amylase activity measured kinetically was not found. Taken together, these data suggest that amylase apparently does not pass the canine glomerular filter. This conclusion agrees with initial studies using the saccharogenic technique to measure amylase activity, 1,6~10,31 but contrasts with a more recent study showing that renal excretion accounted for about 65% of the loss of amylase from the blood.L1 Surprisingly, in this latter study, less than 1% of the infused amylase was recovered in the urine." About 25% of blood amylase is cleared through renal excretion in baboons, rabbits, and probably man.26 These comparative data, the results of the present study, and the lack of correlation between serum amylase activity and urea or creatinine concentration in the d~g~~~ suggest that the major excretory route of amylase is not renal. At present, there is no explanation for the large renal component of amylase excretion reported previously.
The human salivary and pancreatic isoamylases differ in amino acid sequence homology by less than YO.^^ Consequently, it was not surprising that the rabbit antisera failed to differentiate the two major canine isoamylases. Quantitation by immunologic means will depend on the development of monoclonal antibodies.
Occasionally in man, a hyperamylasemic state results from blood amylase existing in complexes with other proteins, hence the term macroamylase. 7, 8 These large complexes prevent the filtration of amylase, and, consequently, the amylase persists in the blood. Less than 20% of the canine serum amylase activity in this study was macroamylase. Most normal men have about 33% macroamylase. l6 Therefore, the presence of macroamylase, as detected by the polyethylene glycol (PEG) test, is not the cause of the apparently increased serum amylase activity seen in dogs compared with man and does not explain the apparent relative lack of glomerular filtration. Recently, dimerization of native human amylases has been seen using disc electrophoresis.I7 Such a phenomenon has not yet been looked for in canine blood, but a tendency for canine amylase to complex, yet not alter the results of the PEG test for macroamylase, is an attractive hypothesis. Unique characteristics of canine amylase and the glomerular filter may account for the relative lack of amylase clearance.
